Abstract. Acid-soluble nucleotides of unifoliate leaves of Pinto bean plants (Phaseolus vulgaris L.) were determined at young, mature, and senescent stages of development. At least 25 components could be distinguished on the basis of inorganic phosphorus determinations and 37 or more fractions on the basis of 82p labeling, with adenosine di-and triphosphates accounting for 60 % of the total moles of nucleotide. The total nucleotide P and inorganic P, on a fresh weight basis, decreased about 44 % between each stage of leaf development, but decrements in the levels of individual nucleotides varied from this over-all pattern.
A variety of metabolic changes are known to occur during the growth and senescence of leaves including altered nucleic acid, protein, amino acid, and respiratory metabolism. It could be expected that these changes, occurring in different metabolic systems, would be reflected in the acid-soluble nucleotides of the leaf since these metabolites play a central role in the mediation and utilization of respiratory energy and in the synthesis of carbohydrates, lipids, proteins, and nucleic acids. Significant changes have been found in the nucleotide complement of developing seeds of wheat (19) , pea (10) , rice (23) , and lettuce i (27) , in germinating seeds of Phaseolus aureus (17) , pea (11) , and corn 1 (13, 14, 36) and in wheat embryos (21) , wheat seedlings (8) , and Vicia faba seedlings (1) .
However, there is evidence that certain features of the soluble nucleotide pools could remain relatively stable under significantly different conditions l (9) .
For example, the relative stability of the apparent equilibrium constant for adenylate kinase among the pools (9, 31, 32) . Also, Atkinson et al. (2, 3) have postulated negative feedback regulation in ATP conservation and the maintenance of the "energy charge" of the adenylate system. Although the nucleotides of mature leaves or seedlings of oat, wheat, barley, soybean (4, 5, 8, 15, 20, 29) , sugar beet (25) , and tomato (30) and for Jerusalem artichoke tubers (33) and Spirodela (6) have been described, it was of interest to determine the sequential changes that take place during the development and senescence of the leaf.
Materials and Methods
Plant Cultufre. Three separate experiments were carried out with the unifoliate (primary) leaves of Pinto bean (Phaseolus vulgaris L. var. Pinto) of different ages (Experiments 1,2, 3). The harvest of young developing leaves of Experiment 3 was repeated at a later date (Experiment 3a) because 32p uptake into the tissues appeared at first to be inadequate. In all experiments, bean seeds were planted in 4-inch clay pots containing composted garden soil and were maintained in a greenhouse. Several days after germination the beans were thinned to 6 or 8 uniform plants per pot.
Harvest Periods and Methods. The leaves were harvested at 3 developmental stages: emergent, fully expanded, and senescent (yellowish-green).
Since the experiments were carried out at different times of the year, the number of days between leaf harvests varied somewhat. In Experiment 1, carried May, the harvests were made after 8, 14 , and 21 days. In Experiment 3, which was performed in January, harvests of young, fully expanded, and senescent leaves were made after 11, 18, and 32 days, while in Experiment 3a the harvest of emergent leaves was made during April, 8 days after sowing.
Four replicate leaf samples were harvested at each period in every experiment. Each sample represented 50 g of leaf laminae. In Experiments 1 and 2, acid-soluble nucleotides were immediately extracted from harvested leaf tissues. In Experiments 3 and 3a stems of plants were cut with a razor blade about 1 cm below the first node and fashioned into bundles of 5 plants each (10 taken not to allow the resin to run dry. The resin was then washed under air pressure with about 5 ml of deionized water, and the void space in the column above the resin was filled with deionized water.
Chromatographic separation of nucleotides was accomplished by variable gradient elution with formic acid and sodium formate. A 9-chamber gradient device l(Technicon Instrument Company, Tarrytown, New York) was used with 300 ml of solution in each chamber. The composition of eluting solutions has been described by Plaisted and Reggio (26) . The eluting solution was passed through the column at a flow rate of 1.6 ml per min with an Accu-Flow pump (Beckman Instrument Company, Palo Alto, California). The temperature of the column was maintained at 370.
Automated Nucleotide Analysis and Determination of Radioactivity. The procedure for automated analysis of nucleotides based on acid digestion and phosphorus analysis has been described earlier (34, 35) . More recently, the digestion step was simplified and some modifications were made in the analytical system (22) .
The column eluate passed first through the beta flow cell of an Ansitron scintillation spectrometer (Picker Nuclear Corporation, White Plains, New York), and cumulative radioactivity of the flowing stream was recorded every 4 min. The flow cell was packed with 0.5 mm plastic phosphor beads (Nuclear Enterprises. Winnipeg, Canada). An aliquot of the eluate stream from the flow cell was withdrawn with a proportioning pump, combined with 60 % sulfuric acid, and passed into the digestion apparatus which was maintained at 1700. The remaining sample stream was collected in a refrigerated fraction collector for nucleotide identification or was passed to waste. An aliquot of the acid digest was automatically diluted with deionized water. The diluted digest was realiquoted, combined, and mixed with a reducing agent (1-amino-2-naphthol-4-sulfonic acid) and ammonium molybdate, and was passed through the glass coil of a heating bath adjusted to 900 for color development. The sample stream then flowed through a 15-mm tubular flow cell of a colorimeter with 815 miu interference filters. The impulse was continuously traced on a recorder.
For nucleotide identification, the contents of the tubes representing the various peaks were combined. The samples were passed through small columns of acid-washed Celite-Darco G-60 mixtures. After washing with water, the columns were eluted with 0.5 % v/v ammoniacal ethanol. The eluates were taken to dryness in a rotary vacuum evaporator, transferred to a small vial with water, and lyophilized.
Dry samples were stored at -200 until use, and when used were dissolved in a small amount of water.
Thin-layer Chromatography. Thin-layer plates of poly(ethyleneimine) -cellulose (PEI-cellulose) were prepared according to the method of Randerath'(28).
The PEI was obtained as a 50 % solution from Chemirad Corporation, East Brunswick, New Jersey. Cellulose powder (MN 300 HR) was obtained from Brinkmann Instruments Company, Westbury, New York. Fifteen milliliters of 10 % (w/v) PETI solution was adjusted to pH 7 with conc HCl and dialyzed against 3 liters of deionized water for 16 hr and then diluted to 150 ml. Twenty-five grams of cellulose powder was homogenized in the PEI solution in a Waring Blendor for about 30 sec. Layers of 0.5 mm were then prepared on glass plates. The plates were dried overnight at room temperature, stored in the dark, and used within 7 days.
Identification of Nucleotides. Identification of nucleotides was partially confirmed by order of elution from the ion exchange column and relative positions compared to the standards shown in Fig.  la . Aliquots of samples from the various peaks were chromatographed on PEI-cellulose plates with appropriate standards using the following solvents: nucleoside triphosphates, 0.8 to 1.2 M NaCl; nucleoside diphosphates, 0.6 to 0.8 M NaCl; nucleoside monophosphates, 0.2 to 0.6 M NaCl; nucleoside diphosplhate sugars, 0.1 to 0.4 M NaCl. Unknown and standard spots were located under ultraviolet light. Spots were scraped from the plates and eluted with 4 ml of 0.1 N HCl in a 15-ml conical centrifuge tube and centrifuged.
After centrifugation, the supernatant liquid was decanted and ultraviolet absorption spectra measured on a Beckman Model DB spectrophotometer at pH 1, 7, and 11 and E980/E960 ratios were calculated.
Identification of NAD was accomplished by measuring the increase in absorbance at 340 m, of a reaction mixture containing 3.0 ml of 0.1 M Na4P2O7 buffer with 5 grams per liter of semicarbazide HCl, 0.01 ml of ethanol, 0.01 ml of alcohol dehydrogenase (5 mg/ml), and an appropriate amount of unknown sample.
Nucleotides which appeared to contain adenine or uridine were treated in acid solution with 1 drop of bromine water. After 10 min, the excess bromine was removed by passing air through the solution. The ring structure of pyrimidine compounds such as uridylic acid is reduced and the ultraviolet absorption spectrum disappears, while that of purine compounds such as adenine remains unchanged.
Results
Analysis and Identification of Soluble Nucleotides.
The analysis of soluble nucleotides by column chromatography and P determinations generally gave the characteristic pattern shown in (25, 30) . AMP levels were similar to those of tomato, but less than Graminae and greater than sugar beet.
With respect to the other nucleotides, there are differences in the levels that have been reported reflecting differences between investigators and species and between ontogenetic and environmental factors. However, the major difference 'between the results reported by others and the data presented here lies in the relative total amounts of adenosineand uridine-containing nucleotides. Both Bergkvist (4, 5) and Pavlinova and Afanas'eva , (25) found approximately equal levels of adenosine and uridine nucleotides, and Roux (30) reported slightly less uridine than adenosine nucleotides, but in the present study there was about 9 times as much adenosine nucleotides as uridine nucleotides. The much higher fresh weight basis to allow comparison with the results of others and to base the changes on over-all leaf mass. It is evident that other means of expression can be used. The fresh weight per leaf, dry weight per leaf, and the ratio of dry weight to fresh weight changed by about 10 % between the mature and the senescent leaves (table III) . Thus the relative changes in nucleotide levels between these 2 stages of development are only slightly altered if the data are converted to a dry weight or organ basis. On the other hand, between young and mature stages the decrease in total nucleotide P per unit of fresh weight became a slight increase on a dry weight basis and about a 60 % increase on a leaf basis. Although most nucleotides remained constant or showed a slight increase per unit of dry weight, the transition from the young to the mature stage from young to mature and from mature to senescent tissues, respectively. Thus, total purine-containing nucleotides decreased more than pyrimidine-containing nucleotides (42 and 46 % against 38 and 25 %, respectively), and the relative abundance of pyrimidine-containing nucleotides increased with age as shown by the A+G/U+C ratios of 9.7, 8.5, and 6.2 for young, mature, and senescent leaves, respectively. At the 3 stages of development, purine-containing nucleotides represented 91, 89, and 86 % of the total identified nucleotide pool.
The relative abundance of individual nucleotides at the different developmental stages on the basis of ranking was: As described earlier, ATP and ADP were the dominant nucleotides at each stage of leaf development. The relative abundance of UMP increased with age, while that of UDPG and NAD decreased. Indices other than relative abundance have been used to characterize -the metabolic state of nucleotides in tissues, such as the e/ ratio used by Bomsel and Pradet (9) or energy charge (equal to one-half the e/l ratio) of Atkinson et al. (2,3) . The value of V/ is equal to the ratio of /8 and 'y to aP in the nucleotide mono-, di-, and triphosphates, i.e., the mean number of high energy phosphate bonds per molecule of nucleotide. The values of e/1 for the total soluble nucleotides were 1.44, 1.38, and 1.46 for young, mature, and senescent tissue, respectively, but were not significantly different.
The changes in composition and energy status of the adenylate system are shown in Fig. 2 The values for each nucleotide followed by the same letter are not significantly different (a = 0.05). 2 Presence indicated only by 32p data.
greatest between the partially expanded young leaves (Young II) and the mature leaves, and least between the mature and senescent leaves.
In the leaves of the 2 young stages, the highest specific radioactivities were found in ATP, UDPG, and Unknowns 14 and 7b i(the latter in Experiment 3a only). Somewhat lower specific radioactivities were found for ADP, GTP, UTP, CTP, GDPG, and Unknown 18. Lower specific radioactivities were detected for AMP, GDP, UMP, Unknown 20, and 
Discussion
The major effect of aging on the soluble nucleotides of Pinto bean leaves was a quantitative change in the level of the total nucleotide pool and levels of individual nucleotides. This change was most evident between mature and senescent leaf tissue where the total nucleotide pool decreased by about 40 % in relation to fresh weight, dry weight, or the leaf. A similar decrease was observed between young and mature tissues relative to fresh weight, but the over-all nucleotide level remained nearly constant in relation to dry weight and increased about 60 % relative to the leaf.
Qualitative changes in the soluble nucleotide pool also occurred and reflected asynchrony in the changes of the levels of individual nucleotides with age. The relatively great decrease in UDPG and GDPG with maturation and senescence probably indicates a decreased synthetic activity with respect to cell wall polysaccharides or sucrose. The ubiquity of NAD in metabolism makes its relatively great decrease with age difficult to interpret. Papenberg (24) has shown that the presence of ADPR is an artifact produced by degradation of NADH and the patterns of 32p incorporation found in the bean support this. If ADPR is used as an index of reduced pyridine nucleotide, the greater decrease in NAD could indicate a shift toward the reduced form with age. This result would be opposite to that of Yamamoto (38) who showed a greater NAD/NADH ratio in old versus young tobacco leaves and a greater level *of pyridine nucleotide per leaf or per unit of leaf area in the older tissue.
Apparently the changes in the relative sizes and energy status of the nucleotide pools were not so obvious as the other changes in metabolites that have been reported to accompany aging in leaf tissue.
Atkinson et al. i (2, 3) have postulated that ATP conservation is an important feature of metabolic regulation and have shown that small changes in the energy charge of the adenvlate system can be of metabolic significance. Thus, the relative abundance of the adenylate nucleotides may be conservative biochemical variates where only slight but important changes that cannot be detected statistically occur during the normal course of aging.
The results of 32p labeling show that aging has 2 apparent effects on 32P incorporation in the soluble nucleotide pool. The first, and predominant, effect is a continuous increase in the specific radioactivities of all nucleotides. This is similar to the increases in specific radioactivity with age found in RNA using '4C-adenine for incorporation of Nicotiana rustica leaf discs (37) or 32p in peanut cotyledons (12) . The second effect is an increased incorporation of 32p into the triphosphate esters with age, mainly in the y-phosphate.
In comparisons of different developmental stages with respect to the total 32p or 31p associated with individual nucleotides, the differences observed may reflect, in part, different amounts of uptake of the label during the pulse-labeling period. It may well be that the increases in incorporation of 32p with age reflect increased translocation of P into the lamina. Secondly. the differences from age to age in the relative amount Of 32p among the nucleotides are subject to the assumption that the amount of 32p taken up will not affect its distribution. This assumption was found to be true in other experiments. In addition, differences in relative labeling may not only reflect differences in the metabolic partitioning of 32p but also in the time required to reach steadystate or in the temporal distribution of label into the radioactivities of the individual phosphate groups of the di-and triphosphate esters. If we can assume that the specific radioactivity of AMP is a reliable estimate of the a phosphate of ADP, and that the specific radioactivities of ADP and GDP provide estimates of the a-and fl-phosphates of ATP and GTP, the specific radioactivities of the 'y-phosphates at different ages were as follows: 165.8, 238.8, 743.16, and 969.1 cpm per ,umole P in ATP, and nucleotide fraction or individual compounds. In a separate experiment with mature bean leaves, CTP, ATP, and UDPG reached maximum specific radioactivity within a 30-min chase period after a 15-min pulse with 32P. The specific radioactivities of UTP, GTP, ADP, and AMP increased less rapidly after 30 min but had not reached a maximum 120 nin after the pulse period. UDP, GDP, and GDPG increased constantly and at uniform rates during the 120-min chase period. There are no estimates of total 32p uptake by the bean leaf or the size of the P pool in these experiments, but it is likely that the increase of specific radioactivity represents a greater 32p uptake with age and, secondarily, a decrease in amount of phosphorus in the leaf with age. Although there seems to be little reason to attribute an increased turnover rate to the effects of aging, the metabolism or incorporation of 32p into the nucleotides proceeds at a significant rate in senescent tissue.
There are other postulates to explain the increase of specific radioactivity with an increase in age.
Since the nucleotide levels decrease from mature to (16) . It is also possible that some functional compartmentalization exists and the size of the more active or more accessible pool could decrease less with age although transfer appears to be rapid between compartments (31, 32) . Bomsel and Pradet (9) have suggested that changes in the adenylates are constrained by the activity of adenylate kinase. The higher specific activity of the triphosphate esters, due to the la and even more to the y phosphates, could indicate that kinases are present and active in the partitioning of energy among the nucleotides but it is difficult to attribute this regulation to adenylate kinase alone. Guanylate kinase, GTP-adenylate kinase, and the nucleoside diphosphate and monophosphate kinases or even ATPase could also be coupled and participate in this role. Thus, changes in the relative abundance of the adenylates and other nucleotides may be less than those of other metabolites during aging because of an active participation of kinases and regulatory mechanisms that maintain the energy status of the nucleotide system. Literature Cited
